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Summary. Children exposed IO environmental tobacco smoke (ETSl in tneir homes nave in¬ 
creased cough, respiratory illness, airway obstruction, and hyperreactivity. Since an animai 
model is needed to understand the mechanism by which this occurs, our study was designed to 
determine 'f immature rats develop airway obstruction and increased airway reactivity when 
exposed to Sidestream smoke {SSS, respirable suspended particulate concentration 
1 00 c 0.03 mg m 3 . CO concentration 6.48 r 0,29 ppm). In the first of 3 studies rats were 
exposed to filtered air tFA) or SSS'tar 6 hr oay, 5 days.week from day 2 to week 8 or week 15 ol 
life m = 6-8 in eacn group) SSS exposure did not change lung resistance iFtj. dynamic lung 
compliance (C Lavo ), lung weight body weight ratio (LW BW), pulmonary artery pressure (P p4 ). 
aoay weight, or airway reactivity to methachotine (all P 0,2. 2-way ANOVA], Regardless of 
exoosure, lungs from younger rats were relatively heavier and more reactive to meinacholme 
man lungs from older rats (P 0 05 2-way ANQVA). In the seconc study. 15 week-old rais ware 
exposed to FA or SSS for 3 hr or for 4 days (6 nr day. n = 6 in each grouoi. SSS exposure again 
had no effect on C L3vn . R L . I_W BW. P PA , or airway reactivity io methacholme lall P 0.2. 
ANOVA). In the third study, rals were exposed Io FA or SSS from day 2 to week 11 of life (r* — 7 in 
each group). SSS exposure reduced airway (P = 0.004) but not pulmonary artery (P = 0.63) 
reactivity to serotonin. We conclude that {f) SSS exposure to the immature rats did not mimic the 
effects ot ETS seen m children. (2| younger rats had greater muscarinic airway reactivity than 
older rats, and (3) serotonin may play a role in ETS-induced lung problems. Pediatr Pulmonol. 
1993;16:281-288. r isga wnev-L<s&. kic 
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INTRODUCTION 

A number of studies have demonstrated that children 
living in homes with environmental tobacco smoke (ETS) 
exposure have increased respiratory problems Bonham 
and Wilson 1 showed in a survey ol 37,000 households, 
thai children in homes with two smokers had 0.R vear 
more bed disability days due to respiratory illness than 
children in homes with no smokers. Ekwo et al ", evalu¬ 
ating 1355 children, found that those exposed to ETS had 
increased cough w ith colds and increased risk of hospital¬ 
izations lor respiratory illness in infancy. In a study of 
6CXX) children. Bland et ai.' also show-ed increased cough 
in children of smokers and Dodge' 1 tound that children 
with ETS exposure had increased cough, wheeze, and 
sputum production. 

Evaluation of pulmonary function ol' children raised 
under ETS exposure has shown that they have decreased 
forced expiratory volume in I second (FEV, j.'" FEV, to 
forced vital capacity ratio I FEV, FVCt. forced expira¬ 
tory flow between 25 and 75 Fr of FVC (FEF-* -<)/' and 
maximal midexpiratory How (MMEF). S suggesting that 
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their airways were obstructed Infants exposed to ETS m 
(he home also exhibited increased airway reactivity 11 " 
Children exposed to ETS have an increased incidence 
of asthma.' 11 an increased likelihood of using asthma 
medications, and an eariier (first year of life) onset of 
asthma." In ,'hildren wuth asthma. ETS exposure is asso- 
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ciated with more severe asthma and greater airway reac¬ 
tivity to histamine 12 and cold air/’ 

Together, these studies demonstrate that children ex¬ 
posed to ETS have increased respiratory symptoms, air¬ 
ways obstruction, increased airway reactivity, and a 
higher incidence and severity of clinical asthma. How¬ 
ever. since many studies suggest that it is the mother's 
smoking status which primarily effects the child's pulmo¬ 
nary function.' , *' M 'the effects of prenatal smoke expo¬ 
sure cannot be easily separated from the effects of ETS 
generated by the primary' caretaker. 

This study was designed to determine if exposing the 
developing rat to sidestream smoke (SSS. a component of 
ETS) could function as a model for studying the effects of 
ETS exposure on children in the absence of in uiero 
exposure to smoke. Specifically, this study was designed 
to determine it SSS exposure to the developing rat 1 11 
causes airway obstruction and airway hvperreactivity to 
meihacholine and/or serotonin, and <2i if these effects are 
dependent on age and/or chrorticity of exposure 


MATERIALS AND METHODS 
Protocol #1 for Studying the Effect of Age and 
Chronic SSS Exposure on Lung Function and 
Reactivity to Methacholine 

Female Sprague-Dawley rais were exposed to side¬ 
stream smoke (SSS)or filtered air(F.Ai from day 2 of life 
until either X or 15 weeks of age (n ~ 6-8 in each group). 
Their lungs were then removed and placed in at) isolated 
pertused lung system where measurements were made of 
dynamic lung compliance (C| dvn ). pulmonary resistance 
)R,), pulmonary arterv pressure i P,. ^). reactivity to 
methacholine. and lung weight. 

Protocol #2 for Studying the Effect of Acute SSS 
Exposure on Lung Function and Reactivity 
to Methacholine 

Female Sprague-Dawley rats. 15 sveeks ot age. were 
exposed to SSS or FA for 3 hr or for 4 davs i n — b in each 
groupI. Their lungs were then remoxed and hung in an 
isolated perfused lung system where measurements were 
made of C, Jw , R, . P,. A . reactivity to mcthaclolme. and 
lung weight. 

Protocol #3 for Studying the Effect of Chronic 
SSS Exposure on Reactivity to Serotonin 

Female Sprague-Dawley rats were exposed to SSS or 
FA from day 2 of life until II weeks of age (« = ” m each 
group). Their lungs were then removed and hung in an 
isolated perfused lung system where measurements were 
made ot C| Uwl , R, . P,> A . reactivitv to serotonin, and lung 
weight. 


Chronic Exposure Protocol 

Timed pregnant Sprague-Dawley rats iCharles Rixer- 
Wilmington. VIA) were allowed to litter. At 2 daxs ot 
life, the pups were randomly divided into groups. Halt 
the groups received SSS exposure for 6hr/day. 5 days per 
week and FA the rest of the time. The other half of ihe 
groups received FA all the lime. At 21 days, the pups 
were weaned and continued on their exposure regimen 

Acute Exposure Protocols 

Rats raised in FA were (I) placed in SSS for 3 hr and 
studied within 2 hr or (2i placed in SSS for 6 hr day for 4 
days and studied the following day. or (3) maintained in a 
FA environment. 

Generation of SSS Exposure Atmosphere 

Dilute SSS was generated by a modified ADI. I! 
smoke exposure system tOakridge National Laboratory ) 
using conditioned 1R4F cigarettes from the Tobacco and 
Health Research Institute of the L'mversitv of Kemuckx 
Cigarettes were smoked under FTC conditions 2 at a time 
at a rate of 1 puff (35 mL. 2 seconds duration) per minute. 
The mainstream smoke was collected on a filter and dis¬ 
carded. The SSS was diluted with filtered air in a mixing 
chamber than passed into the exposure chamber. The 
exposure chamber was characterized by a relative humid¬ 
ity of 29.9 ± 7.49c. temperature of 22.6 ± 1,4 3 C. respi¬ 
rable suspended paniculate (RSP) concentration of 
1.00 r 0.03 mg m\ and carbon monoxide (CO) concen¬ 
tration of 6.48 a: 0.29 ppm (mean : SDi. 

Isolated Perfused Lung System 

As we have done previously. lungs were studied in an 
isolated perfused system to separate them from the effects 
of circulating blood components and central neural con¬ 
trol. 1 ‘ Rats were anesthetized with 150 mg/kg pentobar¬ 
bital IP. The trachea was cannulated and the rat ventilated 
with room air at a rate of 80 breaths/min and a tidal 
xolumc iV f i of 3 mL. The chest was opened and 500 
units of heparin injected into the right ventricle. The 
inspired gas \xu.s then changed to 5'~c CCK mixed with 
room air. the right ventricle incised, and a canula placed 
into the main pulmonary artery. The left ventricle was 
incised and the lungs were washed free of blood with a 
\x armed (37' J Cl Rrebs-Ringer bicarbonate buffer iN'aCI 
119 niM, CaCI : 0.5 m.VI. MgSO^ 1.2 mM- NaHCO, 
24.9 mM. KHsP0 4 1.2 mM. albumin 4.57c. glucose 
0, ICC pH 7.30^7.4(1). The left atrium was then cannu¬ 
lated. the lung dissected free, and hung by the trachea in a 
xxaler x upor-saturated chamber. 

Warmed (37’C). humidified gas (957c air and 5 £7 r 
CO.) was supplied at a bias flow of 9(X) mL/mm. The 
lung was ventilated with transpulmonary pressure fluctu¬ 
ating betxveen -2.5 and —10 cm H.O at a rate of 60 
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TABLE 1—Effect of Age and SSS Exposure on Body Weight, Lung Weight, P PA , and Pulmonary Mechanics 
(Mean = SEMI 
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breaths.mm and was allowed to stabilize tor 60 min. The 
lung was hyperinflated under 20 cm H : 0 pressure for 10 
seconds at 15 minute intervals during the stabilization 
period to prevent and reverse atelectasis. A differentia) 
pressure transducer iValindyne. Northridge. CAi mea¬ 
sured transpuimonary pressure and a FleischOOOO pneumo¬ 
tachograph lOEM. Richmond VA>. via a second pressure 
transducer measured airflow. All voltages were passed 
through carrier demodulators (Valindyne. Northridge, 
CAI into a Modular Instruments Data Acquisition System 
(Malvern. PA) where R L and C ldv „ (method of Amdur 
and Mead. 14), and V, were calculated. The average 
value over a 5-sec period was used except for dose- 
response curves where the maximum value w.as used for 
R, . and the minimum value used for C, Jw ,. 

The lungs were perfused with the warmed Krebs- 
Rmger bicarbonate buffer in a recirculating fashion via a 
peristaltic pump at a rate of 0.04 mL/g body weight/min. 
The pH of the perfusate was maintained betw een 7.2 and 
7.4 by the addition of NaHCQ, if needed. The P,. A was 
measured with a pressure transducer (Gould: Cupertino. 
CA). the voltage passed into the Modular Instruments 
System. For mcthacholine and serotonin dose-response 
curves, increasing doses of drug (at quarter log intervals) 
were injected in 100 p.L bolus volumes every 45 see into 
a port of the pulmonary artery catheter situated about 70 
cm from the heart. Bolus injection of 100 ixL normal 
saline did not change P(> A or pulmonary function. 

At the end of the experiments, the lungs were weighed. 
Lung weight was divided by total body weight to correct 
for differences in animal size 

Statistical Evaluation 

For protocol # I. most of the variables in ihe four 
exposure conditions (FA 8WK, SSS tiWK. FA 15WK. 
SSS I5WK) were compared using a 2-wuv analysis of 
variance (ANOVA. Statview. Brainpoweri looking at the 
effects of exposure, age. and their interaction. The values 
in the methacholme dose response curve were log trans¬ 
formed to equalize variance and analyzed with a 2-way 


multivariate repeated measures ANOVA <S AS ST AT. 
SAS Institute) looking at the effect of exposure, age. 
dose, and their interactions. For protocol #2 the vari¬ 
ables in the 3 exposure conditions iFA. SSS 3 hr. SSS 4 
day I were compared using a I-way ANON'A (Statview . 
Brainpower) For Protocol #3. most of the variables in 
the two conditions iFA and SSS) were compared using an 
unpaired t test (SAS STAT. SAS Institute!. The values 
for the serotonin dose-response curves were log trans¬ 
formed to equalize variance then analyzed w ith a 1-way 
multivariate repeated measures ANOVA fSAS STAT. 

SAS institute| looking at the effect of exposure, dose. 

and their interaction. A type I error < 0.05 was consid¬ 
ered significant. 


RESULTS 

Protocol #1 tor Studying the Effect of Age and 
Chronic SSS Exposure on Lung Function and 
Reactivity to Methachoiine 

Exposure of the developing rats to SSS did not change 
body weight, lung weightfbody weight, baseline pulmo¬ 
nary function. P,, A . after either 8 or 15 weeks exposure 
(Table I i. Similarly, airway reactivity to methacholme in 
SSS-exposed rats did not differ from that in FA-e.xposed 
rais of the same age i Fig. i). 

A number of age related-effects were found: 15-week- 
old rats had 43 c f greater body weight. 239< lower lung 
weight/body weight ratio. 41 St greater C LJyn , 299c lower 
PA pressure (Table 1). and less airway reactivity to metha¬ 
choiine than 5-week-oid rats ('Fig. 1 I. 

Protocol 42 for Studying the Effect of Acute SSS 
Exposure on Lung Function and Reactivity 
to Methachoiine 

Neither 3 hr nor 4 days ol SSS exposure affected the 
C, Usn . R-i - Ppx ■ lu n “ weight;body weight ratio, or airway 
reactivity to methachoiine as defined as the dose required 
to increase R L 2-t'oid iTable 2). 
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Fig. 1. Methacholine-indueed changes of lung resistance (RJ 
in rats exposed since day 2 of life to either filtered air (FA) (open 
symbols! or to sidestream smoke (SSS) (closed symbols) and 
studied at either 8 (circles) or 15 (squares) weeks of life (n = 6-8 
in each group). Methacholine increased R L (P = 0.0001). Older 


lungs were less reactive than younger iungs (P ■- 0.0001). SSS 
had no effect on lung reactivity to methacholine (P = 0.23). Sta¬ 
tistics by 2-way multivariate repeated measures ANOVA on log 
transformed data. 


TABLE 2—Effect of 3 Hour and 4 Day Sidestream Smoke (SSS) Exposure on Lung 
Weight, Pulmonary Artery Pressure (P PA ), Pulmonary Mechanics, and Reactivity 
(Mean = SEM) 
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Protocol #3 for Studying the Effect of Chronic 
SSS Exposure on Reactivity to Serotonin 

Exposure ot' the developing rat to SSS decreased air¬ 
way reactivity to serotonin (Fig. 2) bu! did not change 
pulmonary artery reactivity io serotonin tFig. 3i. Lung 
weight body weight ratio alter serotonin in the FA- 
exposed group did not differ from that in the SSS-ex- 
posed group 10.4135* = 0.0185* vs 0.5079 r 0.0489: 
mean = SEM; P = 0.12, /test). 

DISCUSSION 

The major findings of this study are ( I t chronic expo¬ 
sure of the developing rat to SSS did not alter body 
growth, lung weight body weight ratio. R, . C LJ . P p . x , 


or airway reactivity to methacholine. However, chronic 
SSS exposure reduced airway reactivity, but not pulmo¬ 
nary artery reactivity to serotonin. (2) acute 1.3 hr. 4 day t 
exposures of the rat to SSS also did not alter body weight, 
lung weight/bodv weight ratio. R L , Jkn . or airway re¬ 
activity to methacholine: (3) regardless of exposure, 
younger rats showed greater relative lung weight and 
airway reactivity to methacholine than older rats. 

The epidemiologic data suggested that children raised 
in homes of smokers showed airway obstruction' ' and 
increased airway reactivity.*’ Thus, we expected 

that the rats chronically exposed to SSS in this -.tudy 
would have decreased lung function and increased airway 
reactivity to methacholine which they did not. There arc 
several possible explanations for this 
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Fig. 2. Serotonin-induced changes of lung resistance (R L .%) in rats exposed since day 2 of life 
to either filtered air (FA) (open triangles) or to sidestream smoke (SSS) (closed triangles) and 
studied at 11 weeks of life (n - 7 in each group). Serotonin increased R L (p - 0.026). but less so 
in rats exposed to SSS (P = 0.004). Slatistics by 1-way multivariate repeated measures ANOVA 
on the log transformed data. 
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Fig. 3. Serotonin-induced changes in pulmonary artery pressure (P PA ,%) in rats exposed since 
day 2 of life to either filtered air (FA) (open triangles) or to sidestream smoke (SSS) (closed 
triangles) and studied at 11 weeks of life (n ~ 7 in each group). Serotonin increased P PA 
(P - 0.05). but SSS exposure did not alter this response (P = 0.63). Statistics by 1 -way multivari¬ 
ate repeated measures ANOVA on the log transformed data. 


The first explanation may be that the animals received 
an insufficient concentration of SSS to mimic human 
exposures. The concentration of SSS that was used in this 
study was in the high relevant range for human exposures 


iRSP = I mg'lTl' and CO = 6.45 ppml. A very smoky, 
poorly ventilated room has an RSP of 1 mg/m’. 1 ' Al¬ 
though a more usual home environment concentration is 
0.02 to 0.2 m°;m'. RSP concentration increases loganth- 
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mically as the distance to a burning cigarette decreases 
and thus, a child tended to by a smoking caretaker 
may indeed be exposed to concentration of SSS used in 
this study. 15 Even this relatively high concentration 
of SSS may have been insufficient, however, if the rat 
is relatively resistant to SSS toxicity as it is to ozone 
toxicity. 

A second explanation may be that the SSS used in this 
study does not mimic ETS closely enough. ETS consists 
of both the smoldering smoke produced by the cigarette 
burning, and exhaled mainstream smoke' 5 . Since we 
were unable to mimic ihe portion of ETS which repre¬ 
sents exhaled mainstream smoke, the rats may have not 
received the appropriate concentration of an important 
component of ETS. 

A third explanation may be that the mechanism by 
which the ETS causes lung problems in children may not 
be present in the Sprague Dawley rat. Such would be the 
Case with C-fibcrs which do not appear to control airway 
tone in ihe Sprague-Dawley rat as they Jo in ihe guinea 
pie 1 (personal observations! yet are stimulated bv main¬ 
stream tobacco smoke in rats a- well as other --pc- 
cies. l '‘ 

A final possible explanation is that perhaps intrauterine 
exposure to smoke is more important than extrauterine 
exposure in inducing lung changes. Several studies have 
shown lhai the mother’s smoking is more deleterious to 
their children than the lather's smoking. 1! 1 " Since 
usually the mothers are the primary caretakers, this may 
represent simplv a dose phenomenon. However, it is also 
possible that intrauterine exposure to smoke is more del¬ 
eterious than postnatal exposure. Martinez et al. 1 " 
showed that airway hyperreactivity was present in 70 r r of 
children whose mothers smoked during pregnancy as 
compared to only 2V c -i ol children whose mothers did not 
smoke during pregnancy. In that study, however, the 
effect of the mother's current smoking status could noi be 
separated from ihe prenalai effects. Hanrahan et al. -1 
showed that the expiratory llow at 50‘< ol FRC in infants 
4 weeks of age w as 74.3 niLs in in I ants horn ol continu¬ 
ous smokers vs 150 mbs in infants born of nonsmokers. 
This was a highly statistically significant finding. Using 
multiple regression models, postnatal ETS exposure iex¬ 
posure to smokers al least 3 hr twice a week) vs as not 
related to the pulmonary function of these infants. Al¬ 
though this study does not rule out a posrnatal ETS ellcct 
on older children, or in infants with greater ETS expo¬ 
sure. it does suggest a maior role for prenatal exposure to 
smoke in determining pulmonary function in children 
Rats exposed to tobacco smoke in titcro developed hy¬ 
poplastic^ and poorly developed 2 ‘ lungs. Whether in¬ 
trauterine or postnalal exposure to smoke i> more delete¬ 
rious could be tested in this model by following postnaial 
pulmonary function and airway reactivity in ruts exposed 
to smoke in utero. but not postnatally. 


Regarding the acute SSS exposures, we did not know 
bow acute SSS exposure would change muscarinic air¬ 
way reactivity. Menon et al. 24 showed that 32 r e of asth¬ 
matic adults sensitive to ETS by history showed in¬ 
creased airway reactivity to methaeholine when 
challenged with ETS acutely, On the other hand, Wiede¬ 
mann et al.' 5 showed that adult asthmatics exposed to 
ETS for I hr showed decreased airway reactivity to meth- 
acholtne. We were unable to show- any effect of acute 
ETS exposure on methaeholine reactivity in the Sprague- 
Davvlcy rat. 

Since we hypothesized that SSS exposure would in¬ 
crease airway reactivity to methaeholine and.or seroto¬ 
nin. we were surprised to find that instead. SSS decreased 
atrv.ay reactivity to serotonin. The two most likely rea¬ 
sons for this decreased reactivity are 1 1 > an increase in the 
serotonin uptake system or |2) down-regulation ot the 
serotonin receptors. Serotonin is primarily taken up and 
degraded by pulmonan. endothelial cells.'" - An in¬ 
crease in this uptake system would decrease the amount 
of circulating serotonin in contact with airway receptors 
Indeed, another lung toxin, paraquat, has been shown to 
increase serotonin uptake.' However, if serotonin up¬ 
take were increased, both pulmonary artery and airway 
reactivity to serotonin should have been diminished. 
Since pulmonary artery reactivity was unchanged by SSS 
exposure, it is unlikely that the decreased airway reactiv¬ 
ity to serotonin was due to an increase in serotimn uptake. 

The other possibility is down-regulation of airway se¬ 
rotonin receptors due to chronic exposure to serotonin. 
Sparrow et al. 24 have shown that active smokers excrete 
more serotonin in their urine. As with most receptors, 
serotonin receptors become desensitized with chronic ex¬ 
posure. 24 The chronic increase in serotonin release could 
be from any of the serotonin-secreting cells: platelets. 
mast cells. ’’ and neuroendocrine cclIs J_ . Tobacco smoke 
has been shown to stimulate platelets' 1 ' and to increase 
platelet activating factor concentration. However, plate¬ 
lets are probably not involved since it would again be 
expected that both pulmonary artery and airway serotonin 
receptors would be exposed to increased serotonin con¬ 
centrations and demonstrate down-regulation. Tobacco 
smoke also activates C fibers. 1 s which in turn can acti¬ 
vate mast cells '* This would preferentially affect the 
airwuvs more than the pulmonary artery'. Finally. SSS 
may increase the number or activity of airway neuroendo¬ 
crine cells. 

We found that methaeholine reactivity was greater in 
the vounger ihan in the older rats. Since baseline R L did 
not differ at the two ages, a difference in underlying 
airway cone cannot explain the effect. The decrease in 
muscarinic airway reactivity with age is consistent with a 
correspondins decrease in muscarinic receptors in the 
rat.Decreased airway reactivity wuh age may be spe¬ 
cies specific .since airway reactivity to histamine and sub- 
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stance P increase with age in the guinea pig.'" The in¬ 
crease in body weight and C i JtI) with growth were as 
expected. However, the decrease in lung weight body 
weight ratio is at variance with the generally held belief 
that this value does not change w ith aee.' <f ' 

In conclusion. rats exposed postnatally to SSS did not 
appear to develop the effects reported in children raised in 
the homes of smokers: airway obstruction and increased 
nonspecific airway reactivity. This may have been due to 
insufficient SSS concentration in a resistant species, 
missing components in SSS which are present in ETS 
from exhaled mainstream smoke, or lack of in utero ex¬ 
posure of the pups as occurs in children of smoking 
mothers. The finding of S.SS-induced decrease in seroto¬ 
nin reactivity raises interesting issues regarding the po¬ 
tential role of serotonin m ETS-induced lung disease. 
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